Abstract: A two-dimensional fluid flow and reactive transport model, BioClog, created to predict clogging in landfill leachate collection systems is used to calculate the clogging of gravel and treatment of leachate as it flows through the gravel in two real-scale experimental cells, called mesocosms, which represent the portion of a landfill drainage layer adjacent to a landfill collection pipe. These tests were conducted using real-time flows of landfill leachate and were run for about 6 and 12 years. The model computes spatial and temporal changes in clog quantity and composition. An empirical relationship predicts changes in hydraulic conductivity, and a variable mesh technique allows the surface to be free and dependent on calculated hydraulic heads. Calculated porosity change, effluent chemical oxygen demand (COD), and calcium concentrations, along with porosity and clog film thickness at termination are compared with the observed values and found to be in reasonable agreement given the variability and uncertainties associated with these processes.
Introduction
Landfill barrier systems are installed to minimize the potential for contamination of groundwater. These systems are comprised of a drainage (leachate collection) layer and, typically, a composite liner. The factors affecting leakage through composite liners have been extensively examined (e.g., Rowe 2005; Barroso et al. 2006; Dickinson and Brachman 2006; Touze-Foltz et al. 2006; Saidi et al. 2008) . While the liner is an important control on contaminant impact, the leakage through the liner is also governed by the leachate head on the liner and this head will, inter alia, depend on the hydraulic conductivity of the porous media in the drainage layer. When permeated with landfill leachate, the porous media has been found to clog due to biomass growth, mineral precipitation, and sedimentation of suspended solids (Bass 1986; Brune et al. 1991; McBean et al. 1993; Koerner et al. 1994; Rowe et al. 1995 Rowe 1998; Fleming et al. 1999; Maliva et al. 2000; Bouchez et al. 2003) . A numerical model, BioClog, was developed to predict the rate at which clogging occurs in the drainage layers beneath engineered landfills due to exposure to leachate (Cooke et al. 2005a; Cooke and Rowe 2008) . For field cases, BioClog represents the mound of leachate within the drainage layer in profile from top of slope to bottom using two-dimensional (2D) models of fluid flow and solute transport. Biological growth, precipitation, and attachment lead to clogging and a decrease in porosity and hydraulic conductivity. This, in turn, leads to changes in the calculated leachate mound surface.
BioClog (summarized later) was used to model columns of glass beads permeated with synthetic landfill leachate (Cooke et al. 2001 ) using an earlier published version . Chemical oxygen demand (COD) and dissolved calcium (Ca 2+ ) removal and the subsequent decrease in porosity of the beads were successfully predicted. The current enhanced version was applied to glass beadpacked columns permeated with real and synthetic leachate and the results were utilized for calibration purposes by VanGulck (2003) . Using the calibrated kinetic rates, the model was also applied to gravel-packed columns permeated with real leachate (Cooke et al. 2005b ) wherein the gravel porosity, as it changed over time, and the inorganic and organic clog quantities, at termination, were well predicted. Rowe and Babcock (2007) also used the model to examine clogging of coarse gravel and tire shreds in column experiments.
All the previous comparisons of the model predictions with observed behaviour were for one-dimensional (1D) columns that were run at flow rates well in excess of that anticipated in the field so that significant clogging could be obtained within a year or two. The system modelled herein is a flow cell (called a mesocosm) that represents the clogging that occurs near the leachate collection pipe using actual materials (such as gravel, geotextile, and perforated pipe) found in leachate collection systems (LCSs). These experiments were performed by a number of researchers over the 12 year period they were in operation and have been described in detail by Fleming (1999) , Fleming and Rowe (2004) , McIsaac and Rowe (2006, 2007) , and McIsaac (2007) . Modelling presents a difficult task, due in part to the fact that the experiments were designed to serve a purpose other than modelling and most cells were terminated prior to the derivation of the current model. Some important information for model verification, most notably volatile fatty acid (VFA) measurements, was not part of the regular water quality program and other information, such as flow rate, was irregular. A brief description of the experimental design and operation follows the model summary.
The primary objective of this application of BioClog is to assess the predictive capability and limitations of the model under 2D conditions as close to field conditions as possible and over a significant period of time (in excess of 12 years). The ability of the model to predict porosity is the primary consideration, but a secondary consideration is the change in key leachate characteristics (COD and Ca 2+ concentrations) over time as leachate passes through the mesocosms. This is the first application of the model to experimental findings in which 2D flow and transport are important.
Model summary
Detailed description of the modelling of species fate and accumulation of clog matter by BioClog may be found in Cooke et al. (2005a) and for 2D flow, including a moving mesh, in Cooke and Rowe (2008) . A very brief summary is provided in the following subsections.
Groundwater flow and mesh movement
The finite element method is used to model groundwater flow in a 2D cross section, assuming saturated unconfined conditions. Infiltration can be modelled on the surface, no flow conditions are assumed at the base, and the side boundaries can be no-flow, specified head, or point source flux. The base may be inclined, and the remaining nodes are variable in the vertical direction, controlled by the position of the surface calculated at each time step. An iterative method, modified from that of Neuman and Witherspoon (1971) , is utilized to calculate the surface position. Because node elevation is variable, the aspect ratios of the elements are checked regularly, and if user-defined criteria are exceeded, node addition or subtraction (and the remapping of element properties) is performed automatically (see Cooke and Rowe 2008) .
Transport, species reactions, and film accumulation
The fate and transport of propionate, acetate, butyrate, dissolved calcium, suspended inorganic solids, and suspended biomass are modelled using the finite element method. Species reactions (rates of gain or loss) are incorporated in point source or sink terms that may differ at each node and are recalculated at each time step. The species pathways and reactions modelled are shown in Fig. 1 . In each element, the quantity of clog solids is computed in terms of layer thickness. The clog matter consists of five separate films: a biofilm for each of the active degraders (propionate degraders, acetate degraders, and butyrate degraders), an inert biofilm, and an inorganic solids film. The reactions and film thickness equations are given in Cooke et al. (2005a) .
The nonsteady biofilm model of Rittmann and McCarty (1981) is used to model the acetogenesis of propionate and butyrate, the methanogenesis of acetate, and the production of acetate as a byproduct of acetogenesis by the active degraders in the biofilm leading to removal of VFAs and growth of active degrader biofilms. Monod kinetics are used to model growth of the suspended active biomass. The decay rate for each VFA degrader is used to model biomass decay, producing inert biomass from active degraders.
Attachment, leading to removal of suspended solids and gain of clog matter, may be modelled using the particle filtration method developed by Rajagopalan and Tien (Rajagopalan and Tien 1976; Tien 1989 ) (as used in the current modelling) or the network method by Reddi and Bonala (1997) . Detachment, causing suspended solid increase and film thickness reduction, is modelled using contributions from two different mechanisms: shear stress (using a method developed by Rittmann 1982) , and growth rate (using a method by Peyton and Characklis 1993) .
Calcium carbonate precipitation, resulting in the removal of dissolved calcium and an increase in inorganic film, is modelled using a carbonic acid yield coefficient (an empirically derived estimate of the average mass of calcium removed per net carbonic acid produced, Y H ) and the net rate of production of carbonic acid, which can be computed based on the rate of utilization of the VFAs. More detail may be found in VanGulck et al. (2003) and Cooke et al. (2005a) .
Porosity and hydraulic conductivity
Porosity and specific surface is calculated in each element from the total thickness of the films using a sphere model originated by with corrections by . Hydraulic conductivity for each element is estimated from the calculated porosity using an exponential growth curve equation and coefficients determined from experimental results of leachate clogging of gravel columns (see Cooke et al. 2005b; Cooke and Rowe 2008) .
Mesocosm clogging experiment

Experimental apparatus
The experiments have been described in detail by Fleming (1999) , Fleming and Rowe (2004) , and McIsaac and Rowe (2006, 2007) and a brief summary follows. The mesocosms being modelled here were 2 out of a series of 19 that included differing drainage configurations. All of the mesocosms were cells constructed from welded PVC sheets with internal dimensions of 565 mm length, 235 mm width, and 547 mm height (Fig. 2) . At each mesocosm bottom, a layer of sand graded at a slope of 1.5% was overlain with a nonwoven geotextile. Because the downstream boundary occurs at the centreline, a half-section of perforated PVC pipe (internal diameter 102 mm) was fixed to the cell wall at the bottom of the slope, not to convey flow as in the field, but to allow observation of the effects of clogging on pipe perforations.
The mesocosms being modelled herein were named C03 and C04 and had matching configurations (for this modelling an average was used where dimensions were dissimilar). Above the sand and geotextile was a 300 mm thick layer of crushed dolomitic limestone gravel (nominal diameter 38 mm, D 10 = 20 mm, D 60 = 27 mm, D 85 = 33 mm). The gravel was overlain with a mixture of waste and cover soil. While other design configurations in the series had various types of filters and (or) separators between the waste material and the gravel, these did not. An influent port in the cell wall on the upslope end (initially at a height of 79 mm from the base) provided lateral flow to the gravel layer. Due to clogging, this port was moved twice during the experiment as described later. A vertical component of flow was provided through ports in the top of the cell by using intermittent dosing. Flow exits the cell from an effluent port at the down-slope end at a height of 134 mm from the base. With leachate provided through the influent port and vertical dosing, a U-tube attached to the outside end of the effluent port provided a hydraulic head 17 mm higher than the effluent port, thus creating an initial saturated height of 107 mm from the sand surface at the downstream end (which will be the modelling datum). Piezometers, gas supply, and venting fittings were installed.
Mesocosm operation and leachate composition
The leachate used in these experiments was fresh, full strength landfill leachate from Keele Valley Landfill (KVL) in Ontario, Canada. There was significant variation in the strength (in terms of COD) at the source over time (see Fleming and Rowe 2004; McIsaac 2007) . Between collection and use, the leachate was stored in a constantly stirred tank at 7 ± 2 8C. It was delivered by gravity to a manifold and then by peristalic pumps to the mesocosms, all maintained at 27 ± 2 8C, a temperature that may be encountered in active landfill drainage systems (see Brune et al. 1991; Rowe 2005) . Leachate was supplied to the mesocosms at a controlled rate simulating field conditions. At the upstream side the leachate flow rate was variable, as is commonly experienced in the field, with rates typical of those observed at the KVL. The rate of percolation was 80 mL/d (corresponding to an infiltration rate of 0.2 m/year). The system was maintained under anaerobic conditions. Influent and effluent leachate chemistries were monitored. Porosity was measured by considering the volume of leachate produced by draining and the change in surface level (the ''drainable'' porosity). At experiment termination, each cell was disassembled and the materials and clog samples were analyzed.
Water quality measurements pertinent to this modelling included: (i) COD, (ii) dissolved calcium concentration (Ca 2+ ), (iii) total suspended solids (TSS) concentration, and (iv) fixed suspended solids (FSS) as described by McIsaac (2007) . The volatile suspended solids (VSS) concentration was calculated by subtracting FSS from TSS.
Modelling parameters
The modelling performed herein utilizes parameters that were measured, taken from literature, or derived by calibration using BioClog on other leachate clogging experiments, as explained next.
Porosity dependency on drainable porosity
During experimentation, only drainable porosity can be measured without significant disturbance to the clog films. The drainable porosity of the saturated zone was measured over the entire width and length of the cell within two consecutive 20 mm intervals below the initial surface level. The porosity discussed herein is the average of these measured values. The drainable porosity could not be measured for the remainder of the saturated zone. The actual (or ''total'' in this discussion) porosity within the interval drained will be higher than what was indicated by draining because fluid adheres to, and is trapped by, the porous media and clog material. Because the model predicts total porosity, the drainable values will be converted to total values.
To convert drainable to total porosity, available measurements of total porosity were plotted against those of drainable porosity for the same general time and location to establish a relationship between the two (Cooke 2007) . The results from the mesocosms analyzed here were combined with the results from a column experiment (called R4) performed by McIsaac and Rowe (2005) and McIsaac (2007) using the same media and similar leachate. The general trend is that the total porosity is larger than the drainable porosity and the difference increases as the drainable porosity decreases. The equation for a regression line through all of the data can be used to derive the total porosity (n T ) from the drainable porosity (n d ) for 38 mm gravel
Hydraulic conductivity dependency on porosity Plotting the total or drainable porosity versus the hydraulic conductivity on a logarithmic scale in previous research of clogged granular media has shown that there may be a linear relationship between the quantities (see Rowe et al. 2002; VanGulck and Rowe 2004; Cooke et al. 2005b ). The equation used to obtain hydraulic conductivity (k) from porosity in these cases was
where the coefficients A k and b k were estimated by regression analysis of the measured data.
The total porosity and associated measured hydraulic conductivities are shown in Fig. 3 for the 38 mm gravel used in the mesocosms. The total porosity values for the clogged R4 data were calculated from the drainable porosity relationship. While a single line may fit this data with the regression line shown (dotted line), the clogged data appears to follow a steeper slope suggesting that the relationship may be bilinear. For the bilinear relationship, the first line, with a more gradual decrease in hydraulic conductivity with porosity, follows a regression line through the clean gravel and the two mesocosm points with the highest hydraulic conductivity values. A second, steeper line follows a regression line through the clogged data. The two lines fit eq. [2] using the parameters given in Fig. 3 and summarized in Table 1.
Finite element mesh and media
The mesocosm cell was represented by a mesh using 10 rows and 42 columns of nodes, producing 420 nodes and 738 three-noded triangular elements. The porous media had an initial porosity of 0.41 and initial hydraulic conductivity of 0.11 m/s. BioClog requires a representative grain size for the granular media. As a first estimate, the D 60 value of 27 mm was chosen to represent the granular media. To show the effect of grain-size selection, modelling was also performed using a grain size of 21 mm. This size was found by Babcock (2005) and Rowe and Babcock (2007) to best represent an equivalent specific surface for the 38 mm gravel used by McIsaac (2007) .
Fluid flow and transport boundary conditions
The top boundary was assigned a constant, uniform infiltration rate of 0.2 m/year (calculated from the measured 0.08 L/d flow) representing flow from the unsaturated zone.
The left boundary has a static point source, representing the influent port to the saturated zone. The remaining left boundary nodes were no flow. The point source is considered to be static because it does not move while other nodes are moved to retain equal vertical spacing. As this port location was redrilled and moved at two specific times during the experiment, the node position was changed at these two times (from an initial height of 0.035 m to 0.067 m at 4.9 years, then to 0.090 m at 8.6 years). The effluent port on the right boundary was defined using an opening (a zone of specified head) from z = 0.05 to z = 0.08 m with a specified head of 0.107 m. No-flow conditions were assigned for nodes rising above the opening. The bottom boundary was no flow.
The flow rate in the mesocosms varied due to both unintentional reasons (e.g., build-up of clog material in the tubes transmitting leachate to the mesocosm between times when it was cleaned) and intentional changes in flow (Fig. 4) . While this complicates the modelling, it also represents what happens in real landfill leachate collections systems where flows do change over time due to both operational and climatic conditions. The flows applied to the influent node in the model were based, to the maximum extent possible, on the available measured outflow data. However there were times when there was no measured data and so an estimate had to be made of the flow. The period of greatest measured flow occurred between 8.8 and 9.3 years, just after the second time the influent port was redrilled and moved to a less clogged region.
In modelling solute transport, the infiltration of leachate on the top boundary was represented using the time-varying specified total flux (Cauchy) boundary condition. The point source on the left boundary has a time-varying specified concentration, while the remaining nodes on this boundary have zero solute flux. On the right boundary, the open zone has the free-exit condition, which has a nonprescribed dispersive flux (Frind 1988) , while the remaining nodes on this boundary were zero flux. The bottom boundary was also zero flux. Species concentrations for the top and left boundaries were variable with time, as described in the next subsection.
Influent properties
As it was beyond the scope of this modelling to predict the effects of the waste layer on leachate chemistry, and because tests performed by McIsaac (2007) demonstrated that there was relatively little clogging or leachate treatment in the unsaturated zone, the leachate was assumed to reach the saturated zone at the full influent strength, and thus the in-fluent species concentrations along the top and at the left boundaries were modelled as equal and varying with time based on the available data. It should be noted that the mass loading attributed to the influent port far exceeds that of the flow through the waste and the unsaturated zone.
The organic acid content of the leachate for the mesocosm experiments was quantified in terms of COD and varied extensively over time. Separate measurements of the influent concentrations of acetate, butyrate, and propionate, as required by BioClog, were not part of the water-quality testing that was performed. To estimate these concentrations, it was assumed that the concentrations of the three acids were proportional to the measured COD. Second, because measured COD can include the oxidation of organics other than these three VFAs and even inorganics (especially in leachate, see Kylefors et al. 2003) , it was assumed that only a percentage (called f PAB here) of the COD was from the three VFAs in question. For these experiments, this percentage, and the ratio of the three VFAs, can be highly dependent on the level of pretreatment of the leachate (by the LCS) and the level of leachate spiking (in this case the addition of an acid mixture with a ratio of 10:20:1 for propionate, acetate, and butyrate, respectively). Estimates of these percentages may be made by analysis of the COD and VFA concentrations (VFA by gas chromatography) in the influent to other experiments operated using the same leachate source.
The leachate received by the mesocosms was deemed to be that of young leachate for most of the operating time (McIsaac 2007) . At later times (after 7.6 years) when the source leachate began to show signs of significant treatment (by the LCS), the leachate was spiked to deliver to the mesocosms a leachate similar to that which the LCS may have been receiving. Normalized COD measured for these mesocosms indicate treatment as high as 90%, also implying a highly treatable young leachate. It was assumed that for most of the operating time of the mesocosms the leachate was similar to that being received by tire shred and gravel column experiments (McIsaac and Rowe 2005) , which, due to spiking, contained a high percentage of propionate, acetate, and butyrate (f PAB of 90.5%) and a high percentage of the VFAs was acetate (see ratios in Table 2 ). After 9.7 years (personal communication, R. McIsaac 2007) the leachate to the mesocosms was less severely spiked, and a new set of ratios was applied to calculate the influent VFA concentrations (see Table 2 ). This new set of ratios was obtained from the influent to unsaturated column experiments (McIsaac 2007) during a period of reduced leachate spiking. By applying f PAB and the VFA ratio to the measured COD in the influent for the time periods given in Table 2 , estimates of the concentrations of propionate, acetate, and butyrate were found as given in Fig. 5a .
The measured Ca 2+ concentration in the influent is shown in Fig. 5 along with the TSS and VSS concentrations. Neither TSS nor VSS were measured after 10 years, thus, to model this period the last measured concentrations were used. Detailed analysis of the VSS was not available, thus the model was set to divide the influent VSS into 70% active and 30% inert and to equally distribute the active portion among acetate degraders, propionate degraders, and butyrate degraders, as previously performed in modelling by Fig. 3 . Relationship between calculated total porosity and measured hydraulic conductivity for clean and clogged 38 mm gravel. Two possible relationships are shown, one using a regression of all of the data, and one using a two-line approach. The two-line method is used in modelling in this work. VanGulck (2003) and Cooke et al. (2005b) . The influent properties are summarized in Table 2 .
Biofilm growth and loss coefficients
For each VFA, the rate of acid degradation and subsequent growth and decay of biofilm is dictated by four kinetic rate coefficients: the maximum specific rate of substrate utilization, b q, the half-maximum rate substrate concentration, K s , the endogenous decay coefficient, b d , and the maximum yield coefficient, Y. Establishing these coefficients for complex systems is difficult, as a large number of factors can affect the coefficients, including: inhibition by toxic substances, nutrient availability, pH, temperature, bacterial culture properties (i.e., mixed or pure species, or acclimation to temperature or substrate), and mass transfer resistance. The number of factors has resulted in a large variation in reported values (Pavlostathis and Giraldo-Gomez 1991) .
In a previous application of the model, columns operated at 21 8C (Cooke et al. 2005b) were successfully modelled using kinetic coefficients found by calibration. These kinetic coefficients will be used in case 1. Because temperature has been found by researchers (for example, Lawrence and
McCarty 1969) to influence K s and b q, for case 2 kinetic rates will be adopted from a calibration performed by Babcock (2005) for a column test at 27 8C. It should be noted that due to the relatively long operation time of the experiment and the variable composition of the leachate (including spiking events that may have shocked the microbial system), neither the case 1 nor the case 2 calibrated kinetic rates may represent the conditions for the entire time period.
The kinetic rate coefficients used in this study are given in Table 3 . Also listed in Table 3 are the coefficients of molecular diffusion of the substrates in free solution, D o , and within the biofilm, D f . These values were measured at 35 8C by Yu and Pinder (1994) . The fraction of the organic film degradable by decay was taken to be 0.8 (Rittmann and Snoeyink 1984) , meaning that 20% of the active film undergoing decay becomes inert film. The biofilm growth model requires the thickness of the effective diffusion layer, a stagnant layer of liquid on the film surface. In the model this was calculated each time step using a relationship by Skelland (1974) .
Mineral precipitation and other parameters
The value of Y H was derived from experimental data from columns of gravel permeated with leachate from the same source (see Cooke et al. 2005b) . To compute Y H , calcium depletion was calculated from the measured change in calcium concentration over specific lengths at specific times. For these same lengths and times, the net mass of carbonic acid produced was calculated from the measured change in concentration (in terms of COD) of the VFAs using ear regression of the data . For this modelling, the average mass of calcium removed per net carbonic acid produced (and thus the yield rate for calcium carbonate formation), Y H , was taken to be 0.05 mg Ca per mg H 2 CO 3 . The precipitation of additional mineral matter (assumed to be very little in this case) is estimated using the parameter, f OP , which was set to 0.06 as deduced in Cooke et al. (2005b) .
The detachment due to both shear stress (see Rittmann 1982) and growth rate (Peyton and Characklis 1993) was modelled. It was assumed that the inorganic film was protected to some extent from shear stress detachment while the active and inert films were not, according to the relationship given in Cooke et al. (2005a) where protection parameter P is 0.00104 cm.
To predict attachment rates for the suspended organic and inorganic particles using the Rajagopalan and Tien (1976) method, particle density and effective diameter were required. The particle densities, based on calibration modelling of leachate from the same source (VanGulck 2003), were 1030 and 1065 mg/cm 3 for organic and inorganic particles, respectively. Particle effective diameters were 0.0001 and 0.0002 cm for the organic and inorganic particles, respectively, based on bacterium sizes (Metcalf and Eddy 1991) and particle sizes reported by Koerner and Koerner (1992) for landfill leachate.
The active and inert biofilm density was assumed to increase as porosity decreased according to the experimentally determined formula in Cooke et al. (2005a) for clog material accumulated under similar conditions. The variable density parameters were A X = 247 and B X = 72 mg VS/cm 3 . The inorganic film density was assumed to be 2750 mg/cm 3 , as measured using specific gravity testing (ASTM 2002) of clog material remaining after volatilization of samples from column experiments performed using leachate from the same source (see VanGulck et al. 2003) . The clog and sus- pended solids parameters used in this study are listed in Table 4.
Numerical parameters
The modelling was performed using time steps that varied as pore velocities increased: 0.025 d (0 to 3.5 years), 0.01 d (3.5 to 8.6 years), and 0.0025 d (8.6 to 12.6 years). Run times were approximately 6 h using a Pentium 4, 2.80 GHz personal computer (although modification of the model for faster run times is expected in the future). The backward difference method was used (relaxation factor, u = 1). Numerical and dispersivity parameters are summarized in Table 5 . Longitudinal and transverse dispersivity were taken to be equal, and they increased with porosity reduction according to the equation given in Table 5 , which was based on .
Results and discussion
Summary of cases examined
Four model runs were performed: case 1 (27 mm) and case 1 (21 mm), with kinetic rates promoting low microbial activity (see Table 3 ) and granular media grain sizes of 27 and 21 mm, respectively; and case 2 (27 mm) and case 2 (21 mm), with kinetic rates promoting higher microbial activity (see Table 3 ) and grain sizes of 27 and 21 mm, respectively. All other parameters were the same. It should be emphasised that while two sets of kinetic parameters were used, they were both based on calibrations of previous column tests and were not derived by attempts to fit the current data. Thus the results presented herein represent predictions not calibrations.
Drainable and total porosity with time
At various times during operation, the drainable porosity was measured, and these values are as shown for cells C03 and C04 in Fig. 6 using filled and open circles, respectively. For each drainable porosity, the corresponding total porosity (short horizontal line) was calculated from the drainable to total porosity relationship (eq. [1]). Due to limited available data this represents an approximate means of estimating the total porosities. Comparison of these values with the measured total porosities at test termination (triangles at 6 and 12.6 years) suggests that at least at later times (after 5 years) the calculated values of total porosity may be higher than the actual total porosity. Thus, the total porosity from about 5 years to termination of C03 is likely to lie between the drainable porosity (circles) and calculated total porosity (horizontal line) and so the two are connected by a vertical line that may, in a sense, be considered an ''error bar''. It can be seen that there is variability in the results. Taken at face value they suggest a rapid reduction in porosity over the first 2 years, then a small increase in porosity to about 5 years, and then a rapid decrease until 7 years had elapsed. After 8 years there was a gradual increase in porosity until operations were terminated, but drainable porosity remained less than 0.1.
The model results are also included in Fig. 6 . The case 1 and case 2 predictions follow similar trends, however the case 2 porosities were consistently lower than those of case 1. This greater degree of clogging was due to the greater microbial activity of case 2 (controlled by the generally higher utilization rate, b q, and lower half saturation rate, K s for the active biomass) leading to increased biomass growth and CaCO 3 precipitation. The smaller representative grain size of 21 mm results in porosities that are lower, but the response is parallel to those for a grain size of 27 mm for each case. The two primary causes of lower porosity for the 21 mm media are (i) a greater rate of attachment, which leads to larger films; and (ii) the more rapid decrease in porosity for a given total clog film thickness according to the sphere model .
In comparing with the measured total porosities, at early times, both cases perform well, slightly underestimating the rapid porosity decrease. Between 2 and 6 years both cases may underestimate the porosities although there was very little data for comparison, and given the variable data that is evident, they are still considered reasonable. Case 1 (27 mm) results match very well with the total porosity calculated from sampling the C04 mesocosm at termination at 6 years. Over the remaining portion of the period of porosity drop between 6 and 8 years, the case 1 results underestimate the total porosity inferred from the drainable porosity for 60% of the data points and overestimate it for 40% of the data, while the case 2 calculated porosities underestimate the inferred total porosities. The brief bump in model porosities between 8.8 and 9.5 years was a result of the increase in flow rate. The remainder of the measured porosities are well predicted by case 1, including the porosity obtained for C03 at termination. During this period case 2 gave lower porosity than was inferred from the tests. An increase in total porosity was both predicted and observed between 10 and 12 years.
Effluent and normalized COD
Measured COD concentrations obtained from the effluent ports for mesocosms C03 and C04 over time are plotted in Fig. 7 . These effluent concentrations have been normalized (effluent / influent) and are plotted in Fig. 8 . During the first 4 years, influent COD concentrations were measured, but few effluent values were measured, thus resulting in a paucity of data for this period in both figures. This was followed by a period between 4 and 8 years in which treatment (normalized COD) varied widely from 0.1 to 0.7. From 8 years to the end, the measured data were less scattered and followed a general trend implying reduced treatment of the leachate.
Comparing the BioClog results for cases 1 and 2, it can be seen that the effluent concentrations and normalized CODs for case 2 were consistently lower than those for case 1. This was due to the greater microbial activity assumed for this case, which leads to greater VFA utilization and biofilm growth, as discussed previously. Only when the flow rates were high (such as after 8.8 years) were the treatment rates similar, due to the very low amount of time provided for treatment. The difference in predicted COD due to grain size was minor, with the smaller grain size providing a small increase in treatment after approximately 3.5 years.
The case 1 plots appear to overestimate the earliest measured data point while the case 2 plots predict it reasonably well. The predicted and observed sudden drop in normalized COD indicate that degradation began very quickly, implying a rapid growth of active biofilm. This corresponds well with the rapid decrease in porosity measured and predicted and observed at early times. From 4 to 8 years the case 1 predic- tions were primarily between 0.4 and 0.6 (the upper data), while case 2 predictions were primarily between 0.1 and 0.3 (through much of the lower data). Between 8 years and the flow rate increase at 8.8 years (following the port move at 8.6 years), case 1 predictions were very good, while case 2 predictions slightly underestimated the data. During the period of high flow, predicted normal CODs were high due to the short residency time. From 10 years to the end, normalized CODs were high, and both of the model prediction cases were good. This decreased treatment was likely due to a few factors, including: (i) the termination of spiking (causing less degradable leachate); (ii) the higher flow rate and thus shorter residency time during this period than earlier in the test; and (iii) the competition for space between active biomass and inorganic clog matter, which causes reduced thickness of the active biofilms (due to shearing induced by both the high flow rate and reduced porosity). This period of low microbial activity was marked by an increase in porosity, indicating detachment was dominating over clog matter accumulation. Figure 9 shows the effluent Ca 2+ concentrations for the mesocosms. Due to the highly variable and frequently low influent concentrations that distort normalized values, normalization of Ca 2+ is not presented. As with the COD measurements, effluent values were not measured often during the first 4 years leading to a lack of data for comparison. The model results for effluent Ca 2+ show considerable variability, illustrating the sensitivity to actual influent concentrations and changes in flow rates input to the model. Similar variability was evident from the measured data. The case 2 predictions were consistently lower (indicating greater Ca 2+ removal) than those for case 1. This was mainly due to the greater microbial activity of case 2, which leads to higher predicted rates of carbonic acid production and precipitation of CaCO 3 . Smaller grain size lead to a minor reduction in the normalized Ca 2+ , due to the slightly greater precipitation rate.
Effluent calcium
The single early data point was overestimated by the model for both cases, although case 2 was closer and the model correctly predicts significant reduction in Ca 2+ . Between 4 and 6 years the case 1 predictions slightly overestimate the data, while the case 2 predictions fit the data reasonably well. The predicted effluent calcium between 6 and 8 years was very low and even reached zero between 7 and 8 years due to the very low influent concentration of Ca 2+ . By comparing Fig. 9 with Fig. 5 , it can be seen that at the time of the flow rate increase (8.8 years), the treatment of COD and the consequent precipitation of Ca 2+ was substantially reduced. The period directly following the flow rate increase (8.8 to 9.6 years) shows some signs that Ca 2+ precipitation may have been underestimated by the model during this period. From 10 years to termination, the removal of Ca 2+ was very low, due in part to the low rate of carbonic acid production associated with low microbial activity. This period was well represented by the model.
Porosity and hydraulic conductivity contours
The porosity of the saturated zone predicted by BioClog at 6 and 12.6 years is shown in Figs. 10a and 10b , respectively. Also shown (in boxes in Fig. 10 ) are the porosities estimated from clog samples taken at termination of mesocosm C04 (6 years) and C03 (12.6 years) by McIsaac (2007) . These porosities represent six zones: an influent zone, middle zone, and effluent zone, each separated into upper and lower regions. The centre of each zone is approximated by the location of the boxed value. The predicted porosity was lowest at the influent end, as this region received the greatest mass loading of suspended solids and highest concentrations of acids, promoting biological growth and CaCO 3 precipitation. At 12.6 years, the region nearest the surface had a thin, relatively high porosity zone, caused mainly by the surface rising into the previously unclogged unsaturated zone.
All of the upper regions and the lower influent region at 6 and 12.6 years were well predicted by the model. The remaining regions were clogged to a greater extent than the model predicted. This suggests that accumulation of clog material in the lower region was not being adequately modelled. It is hypothesized that this may be due to the draining of the system to obtain drainable porosities that would have caused a downward movement of suspended and lightly adhered matter. Figure 11 shows the predicted hydraulic conductivity, k, in the saturated zone at 6 and 12.6 years. Because k is a function of porosity, the predicted contours follow the same trends as shown for porosity. Hydraulic conductivities of less than 1 Â 10 -5 m/s are predicted for the influent end of the mesocosm, and k in the range of 2 Â 10 -6 to 1 Â 10 -4 m/s were predicted for the majority of the saturated zone, with higher values near the surface. Prior to termination, measured k was 5.3 Â 10 -5 , 9.6 Â 10 -5 , 1.8 Â 10 -4 , 1.4 Â 10 -3 , 4.5 Â 10 -4 , and 2.8 Â 10 -4 m/s in saturated regions from the influent to effluent ends. Due to the large predicted range in k from the bottom to the top of the saturated zone it was difficult to compare these values to the measured values.
Film thickness contours
The total thickness of the clog matter, as predicted by BioClog, is illustrated in Fig. 12 . After 6 years, the thickness ranges from less than 1 mm at the effluent end, to over 3 mm at the influent end, although after 12.6 years the thickness at the effluent end had increased, but the thickness at the influent end had not risen significantly. When porosity is reduced to a certain extent, the tendency is for detachment, especially by shearing, to limit clogging from approaching complete pore occlusion. This was also evident in the porosity (Fig. 10) . The film thicknesses estimated at termination by McIsaac (2007) are shown in text boxes for each region. It can be seen that the model generally performed reasonably well but did underestimate the film thickness in the lower region at the effluent end.
At 6 years, the active film (i.e., the total thickness of the acetate, propionate, and butyrate degraders) was thickest at the influent port (approx. 0.16 mm) and smallest (approx. 0.04 mm) at the effluent end. By 12.6 years, though, the active film thickness did not exceed 0.06 mm. Low porosity and high flow rates have led to detachment of much of the active biomass, and this was evident in the decreased treatment of COD and removal of calcium (Figs. 8 and 9 ). Unlike the active degraders, the thicknesses of the inert and inorganic solids films increased between 6 and 12.6 years, and by 6 years already dominated the available pore space. Contour plots of the active, inert, and inorganic film thicknesses may be found in Cooke (2007) . Figure 13 shows the predicted acetate concentrations at 6 and 12.6 years. These two points in time illustrate the change in treatment of VFAs due to the loss of active biofilm, the first (6 years) being one of high treatment, as acetate is utilized by the acetate degraders making up the clog, reducing concentrations from 5335 mg COD/L to less than 1000 mg COD/L across the length of the cell. At the second point in time (12.6 years), the quantity of active biofilm had been reduced by detachment and decay to such an extent that acetate utilization hardly occurred. Figure 14 shows a second by-product of the different clog composition. The dominance of the active biofilms at 6 years ( Fig. 14b ) was predicted to produce relatively high quantities of H 2 CO 3 , leading to precipitation of CaCO 3 and removal of calcium from the leachate, depleting the concentrations to zero at the effluent port. Conversely, due to the relatively lower quantity of active biofilms at 12.6 years, the source calcium of 38 mg/L was only reduced to 35 mg/L within the mesocosm.
Species concentrations
The total suspended organic solids concentration is shown in Fig. 15 at 6.25 and 12.6 years. An elapsed time of 6.25 years was chosen for depiction because the influence of attachment and detachment can be seen, as the trend from the influent end to the effluent end was that of increasing concentration (due to detachment near the influent port) then decreasing concentration (due to attachment to the granular media). This downstream movement of particulate matter works in conjunction with the tendency for higher detachment rates at low porosity, leading to an increased uniformity of the porosity in the direction of flow as seen in Fig. 10b . 
Surface position
The changes in the saturated height in the mesocosm were not large enough to test the model's ability to add and subtract nodes, but there was surface rise predicted by the model, and it differed slightly among the four model runs. Table 6 lists the maximum and final rise of the surface at the influent end (where the greatest changes occurred) as predicted by BioClog. All of the maximums were established during the high flow rate period. The case 2 conditions resulted in lower porosities and hydraulic conductivities and, not surprisingly, the highest surface elevations.
Implications on operation and design
The model results suggest that decreased temperature, increased drainage media size, and decreased concentrations of calcium and VFAs (especially acetate) decreases the potential for clogging of LCSs. To reduce clogging, the primary approach should be that of using larger diameter drainage media. Increasing the drainage layer thickness will further increase the service life of the drainage layer. Diverting waste streams so that VFA sources such as organic waste are disposed separately from those high in calcium (such as demolition waste) by composting would also reduce clogging. Note also that lowering organic waste quantities and reducing moisture content will lead to reduced temperatures in the waste, further reducing clogging potential.
Conclusions
A numerical model (BioClog) has been used to model two full-scale laboratory experiments (mesocosms) performed with real landfill leachate permeating actual drainage layer gravel (nominal diameter 38 mm). During operation, leachate passed both laterally through a saturated zone and vertically through an unsaturated zone at rates that might be expected in the LCS drainage layer within 0.5 m of the pipe. The model represents the saturated zone in two dimensions, predicting the fate and transport of key leachate constituents (VFAs, suspended organic matter, and inorganic particles) and representing accumulated clog quantities by film thickness. The clog thickness, associated to individual mesh elements, controls the porosity and hydraulic conductivity, thus allowing these properties to vary spatially and temporally.
Four modelling scenarios were examined and compared to the measured data. Case 1 (27 mm) and case 1 (21 mm) adopted microbial kinetic rates inferred from laboratory columns run at 21 8C and considered representative grain sizes of 27 and 21 mm, respectively. Case 2 (27 mm) and case 2 (21 mm) used higher microbial kinetic rates based on columns tests conducted at 27 8C. Of primary importance in this work was the model's ability to predict porosity. As the cells clogged over time, and measured porosity decreased, the case 1 (27 mm) predictions provided the best fit to the measured values, although case 1 (21 mm) also gave very good results when compared to the actual measured porosity at the termination of the two mesocosm tests. The higher kinetic rates of case 2 provided significantly lower porosities than case 1, while a smaller representative gravel diameter caused only a minor decrease in porosity. Comparison of the porosities and film thicknesses at cell termination showed that while some regions of the cell were well modelled, actual clogging was more severe at the bottom of the saturated zone. It is hypothesized that this may be due to the effects of the periodic draining of the system to establish the drainable porosities. As this was the first application of the model to a 2D problem, this discrepancy will have to be investigated in future research. The treatment of COD was reasonably well predicted by the model, but dissolved calcium proved to be more difficult. In the model, the removal rate of calcium was highly dependent on the microbial activity in the cell (as indicated by active biofilm prominence) and availability of VFAs, and both of these properties vary widely with time and location for this system. The higher kinetic rates of case 2 provided greater COD and calcium removal than case 1. A smaller representative gravel diameter caused only minor increases in COD and calcium removal. Given the highly variable nature of the COD and calcium influent concentrations in the experiments that, together with changes in flow rate, have a significant impact on treatment of COD and calcium, the predictions of the effluent COD and calcium concentrations were considered to be reasonably well bracketed by cases 1 and 2, and when results from both cases 1 and 2 were considered, it was clear that case 2 provided reasonable, but generally conservative predictions of COD and calcium treatment and porosity reduction due to clogging.
Contour plots predicted by BioClog serve to illustrate a number of phenomena such as spatial positioning of clog matter, the overall changes in the clog composition in the mesocosms over time as it changes from one dominated by active biofilm to one dominated by inert biomass and inorganic solids, and the resulting change in treatment.
